. Use of veterinary medicines, feed additives and probiotics in four major internationally traded aquaculture species farmed in Asia. Aquaculture,[412][413][231][232][233][234][235][236][237][238][239][240][241][242][243] a b s t r a c t Antimicrobials, parasiticides, feed additives and probiotics are used in Asian aquaculture to improve the health status of the cultured organisms and to prevent or treat disease outbreaks. Detailed information on the use of such chemicals in Asian aquaculture is limited, but of crucial importance for the evaluation of their potential human health and environmental risks. This study reports the outcomes of a survey on the use of chemical and biological products in 252 grow-out aquaculture farms and 56 farm supply shops in four countries in Asia. The survey was conducted between 2011 and 2012, and included nine aquaculture farm groups: Penaeid shrimp farms in Bangladesh, China, Thailand and Vietnam; Macrobrachium prawn farms, and farms producing both Penaeid shrimps and Macrobrachium prawns in Bangladesh; tilapia farms in China and Thailand; and Pangasius catfish farms in Vietnam. Results were analysed with regard to the frequencies of use of active ingredients and chemical classes, reported dosages, and calculated applied mass relative to production. A range of farm management and farm characteristics were used as independent variables to explain observed chemical use patterns reported by farmers within each group. Sixty different veterinary medicinal ingredients were recorded (26 antibiotics, 19 disinfectants, and 15 parasiticides). The use of antibiotic treatments was found to be significantly higher in the Vietnamese Pangasius farms. However, total quantities of antibiotics, relative to production, applied by the Pangasius farmers were comparable or even lower than those reported for other animal production commodities. Semi-intensive and intensive shrimp farms in China, Thailand and Vietnam showed a decrease in the use of antibiotic treatments. These farm groups utilised the largest amount of chemicals relative to production, with feed additives and plant extracts, probiotics, and disinfectants, being the most used chemical classes, mainly for disease prevention. The surveyed farmers generally did not exceed recommended dosages of veterinary medicines, and nationally or internationally banned compounds were (with one exception) reported neither by the surveyed farmers, nor by the surveyed chemical sellers. Factors underlying the observed differences in chemical use patterns differed widely amongst farm groups, and geographical location was found to be the only factor influencing chemical ingredient application patterns in the majority of the studied farm groups.
Introduction
The Asian aquaculture sector has grown at a rapid pace during recent decades, and nowadays accounts for nearly 90% of the global aquaculture production (FAO, 2012a) . Intensification of aquaculture practices in Asian aquaculture has often been accompanied by more frequent outbreaks of infectious diseases that require therapeutic treatment (Bondad-Reantaso et al., 2005) . Natural and synthetic chemicals such as antibiotics, disinfectants, parasiticides, probiotics, and other feed additives have become indispensable inputs to treat and prevent bacterial and parasitic diseases, to improve water quality, and/or as growth promoters. The use of these substances has contributed to the productivity and growth of the Asian aquaculture sector, but has also attracted criticism. Chemical residues in the cultured organisms constitute a potential hazard for human consumers (Heuer et al., 2009; Sapkota et al., 2008) , and indicate the fallibility of national and international food safety controls when they exceed food safety standards (Love et al., 2011) . Moreover, the continued application of compounds such as antibiotics has been associated with the development of drug-resistant bacteria both inside and outside of aquaculture facilities (Le et al., 2005) , and environmental residues of highly toxic substances, such as disinfectants or parasiticides, can exert toxic effects on non-target organisms, contributing to a potential degradation of ecosystems receiving aquaculture effluents (Rico et al., 2012) .
The current information on the use of chemicals and biological products applied by Asian farmers is very limited, or even unavailable for some important aquaculture species (Rico et al., 2012) . The Food and Agriculture Organization (FAO) reports the outcomes of a survey performed during 2009 on the use of aquaculture medicinal products on 12 different aquatic species groups, with special focus on four major aquaculture-producing countries in Asia (China, Philippines, Thailand and Vietnam) (Alday-Sanz et al., 2012) . The outcomes of this survey show high frequencies of use for some Asian species groups (e.g. Pangasius, shrimp), and a greater availability of veterinary medicinal products in Asian markets compared to other regions (Alday-Sanz et al., 2012) . However, with some exceptions, these data and other published data (see review by Rico et al., 2012) have limited scope for species and country-specific comparisons, since information was collected from different sources and actors in different years, and fail to provide detailed descriptions of dosages and volumes applied. The collection of detailed information on the use of antimicrobials and other chemical inputs in Asian aquaculture is of crucial importance to evaluate their potential risks for human health and for the environment, as well as to evaluate the prudent use of such compounds, and their effectiveness for preventing and treating disease outbreaks.
In the current study we assessed the use of veterinary compounds, feed additives and probiotics for four internationally traded aquatic species based on a systematic survey of 252 grow-out farms and 56 farm supply shops. The survey covered nine aquaculture farm groups with different levels of production intensity, thus potentially showing different chemical use patterns. These were: i) Penaeid shrimps in Bangladesh, China, Thailand and Vietnam, ii) Macrobrachium prawns, and concurrent shrimp and prawn production systems, in Bangladesh, iii) tilapia in China and Thailand, and iv) Pangasius catfish in Vietnam. This mix of countries and species was selected mainly due to their recent great increase in production and trade, both by volume and value (Fig. 1) . The objective of the present study was two-fold. First, to quantitatively assess the current use of veterinary compounds, feed additives and probiotics in the aforementioned aquaculture farm groups and to compare them in terms of active ingredients used, actual vs recommended application dosages, and mass of chemicals applied relative to production. The second objective was to try to explain the differences in chemical use patterns observed in each of the studied aquaculture farm groups, in order to identify a potential relationship between the chemical use patterns and management characteristics of each aquaculture farm group. This was done by correlating data on farm-level aquaculture management practices and farm characteristics, with the data on chemicals and active ingredients used in the farms. The dataset provided by the current study offers the most extensive source of quantitative information on volumes and dosages of chemicals applied in Asian aquaculture, and constitutes a basis for on-going studies aimed at: i) assessing the appropriateness of the chemical use practices to treat and prevent disease outbreaks, ii) identifying occupational health hazards, and iii) performing human health and environmental risk assessments in each of the studied farm groups.
Materials and methods

Chemical use interviews
Information on the application of veterinary compounds, feed additives and probiotics was collected between 2011 and 2012 through structured interviews conducted with farm owners, managers or technical staff of 252 aquaculture grow-out farms (Table 1) . These farms were selected as a sub-sample of more than 1,600 farms for which baseline data on aquaculture management practices, social and economic aspects had previously been collected in the SEAT project Primary Survey (Murray et al., 2013) . The studied sub-set of aquaculture farms was selected taking into account species group, farm-scale and geographical location as selection variables (see Murray et al., 2013 for rationale representation of different aquaculture practices with a wide geographical spread within the study areas. Interviews were also carried out with staff managing aquaculture farm supply shops, co-located in the areas where the farms were situated, thereby being likely points of purchase for those farmers. The objectives of these interviews were: i) to be used as a validation step for chemicals that may have been under reported, ii) to build a chemical sales inventory to facilitate triangulation of the information provided by the farmers, and iii) to collect information on recommended dosages displayed on product labels. The characteristics of the surveyed aquaculture farm groups, geographical areas, dates of the interviews as well as number of farms and farm supply shops interviewed are detailed in Table 1 .
The interviews with the grow-out farmers were conducted using structured questionnaires by local staff members experienced with aquaculture and with previous training in collection of chemical use data. The questionnaire comprised three sections: i) respondent characteristics, ii) farm characteristics and management practices, and iii) chemical use. For each of the veterinary compounds, feed additives and probiotic products used, information was collected with regards to: percentage of the main active ingredient(s) in the formulation used, application purposes and methods, dosage, pond water depth and cultured species biomass at the time of application, treatment duration, and average number of treatments per culture cycle.
Data analysis
Compound classification
The chemical and biological products were classified into five categories: i) antibiotics, ii) disinfectants, iii) parasiticides, iv) feed additives and plant extracts, and iv) probiotics. The parasiticide group also included compounds with biocidal properties (e.g. insecticides), used to kill unwanted organisms entering the aquaculture production systems with the inflow water. The main active ingredient(s) in each of the reported products was often recorded for antibiotics, disinfectants and parasiticides. When it was not available, it was identified by searching the reported product name in the sales inventories, and/or by cross checking with published literature. Products in the category of feed additives and plant extracts were classified as amino acids, herbs, minerals, polysaccharides and vitamins. However, due to the complexity of these formulations, the active ingredients were not further identified. For the same reason, the bacterial composition of the probiotic formulations was only qualitatively described.
Comparison of reported and recommended dosages
Reported dosages of antibiotic, disinfectant and parasiticide compounds were compared with recommended dosages. As farmers typically report dosages in mass of formulated product per area unit, the reported dosages were recalculated into standard dosage units (e.g. mg a.i. L − 1 , for compounds applied directly to water, or mg kg − 1 body weight of cultured organism, for compounds applied mixed with feed) and compared with the recommended dosages recorded from the labels of the products sold in the farm supply shops. Where the recommended dosages were unavailable, additional information on dosages was obtained from the literature (e.g., Arthur et al., 2000; Noga, 1996) .
Calculation of chemical mass inputs
The chemical mass applied per average tonne of harvested produce in each farm group was calculated for each active ingredient in the antibiotics, disinfectants and parasiticides categories, for each product class in the feed additives and plant extracts category (i.e., amino acids, herbs, minerals, polysaccharides, vitamins and other feed additives), and for probiotics. This was done by calculating the mass applied of each chemical or product relative to production for each individual farm, and multiplying this value by the frequency of farmers that reported their use within the farm group. The methodology used for the calculation of the chemical or product mass used relative to production for each individual farm is described in the Supplemental Material. The calculated chemical mass applied was compared with literature data available for other aquaculture (salmon) and non-aquaculture commodities. a For a definition of the production systems see Murray et al. (2013) . b Tipically co-cultured with fish species (e.g. Hypophthalmichthys molitrix, Catla catla, Labeo rohita). c All the interviewed farms cultured tilapia in combination with carps. d The 27% of the interviewed farms combined the culture of shrimps with pompano (Trachinotus ovatus), mud crab (Scylla serrata) or prawns (Macrobrachium rosenbergii). e The 61% of the interviewed farms cultured tilapia in combination with carps. f The records obtained from the farm supply shops in Bangladesh could not be exclusively attributed to specific species as they are produced in the same area.
Multivariate analysis
Multivariate analyses were performed in order to assess the differences in active ingredients and chemical categories of compounds used among the studied farm groups. A dataset containing all the chemicals reported (dependent variables) was used to test the differences between different aquaculture farm groups (independent variables) in their chemical use practices. Multivariate analyses were also used to explore correlations between the respondent and farm characteristics, and the reported differences in chemical use at farm level. Specific chemical use datasets (dependent variables) for each of the studied farm groups were prepared in order to test the significance of each of the 16 descriptive parameters (independent variables) shown in Table 4 on the prevalence of chemical use. These 16 parameters were selected considering their potential to influence chemical and biological product management practices. Significance of the correlation between the independent variables and the variance in the chemical use datasets was tested by performing 499 Monte Carlo permutations by Redundancy Analysis (RDA) using the CANOCO 5 software package (Ter Braak and Smilauer, 2012) . The correlation of the tested independent variable was considered significant when p ≤ 0.05, and marginally significant when 0.05 b p b 0.1. Individual biplots were constructed for each chemical use dataset including only those independent variables that resulted in significant or marginally significant correlations.
Results
Chemical use in grow-out farms
Antibiotics
The studied farms reported use of a total of 20 different antibiotic compounds. The percentage of shrimp farms that reported to use antibiotics in Thailand (2.9%), Vietnam (2.9%) and China (6.7%) and the percentage of tilapia farms that reported to use antibiotics in Thailand (9.7%) and China (16%) markedly contrast with the frequency of use in the Vietnamese Pangasius farms (100%) ( Fig. 2 ; Table 2 ). The use of antibiotics in Bangladesh was only reported in one out of the 66 interviewed farms. Oxytetracycline, amoxicillin, florfenicol and enrofloxacin were reported in at least two countries. Overall, a maximum of two antibiotics were reported to be applied on any individual farm, with the exception of Pangasius farms in Vietnam. Here, 17 different antibiotic compounds belonging to 10 different antibiotic classes were used (penicillins, aminoglycosides, cephalosporins, quinolones, tetracyclines, amphenicols, polymyxin, diaminopyrimidines, rifamycins and sulfonamides), with enrofloxacin (69% of farmers used it), florfenicol (63%), sulfamethoxazole potentiated with trimethoprim (44%), and doxycycline (34%) being the most common ones (Fig. 3 ). Pangasius farmers reported use of three different antibiotics on average, and 10% of the interviewed farms reported use of five or six different antibiotics. It must be noted, however, that some antibiotic formulations used by Pangasius farmers contained a mix of two different active ingredients (sulfadimethoxine and ormetoprim; sulfamethoxazole and trimethoprim; apramycin and levofloxacin). In all cases, antibiotics were reported to be applied once a day mixed with feed for a period ranging between three and eight days. Most farmers reporting antibiotic use applied them to treat disease outbreaks, and only 5% of cases reported prophylactic use.
Disinfectants
Fifteen different disinfectants were reported to be applied for water disinfection and disease prevention (89% of the reported applications), as disease treatment (10%), and to disinfect equipment used during aquaculture operations (1% (Table S1 ).
Table 2
Summary data on the use of antibiotics, disinfectants and parasiticides in the surveyed farms: total number of recorded compounds (n), percentage of farms that use them (% use), and number of compounds used per farm (n per farm; median, minimum-maximum).
Antibiotics
Disinfectants Parasiticides Total n % use n per farm n % use n per farm n % use n per farm n % use n per farm Bangladesh Prawn 0 0 0 (0-0) 1 5.0 0 (0-1) 1 5.0 0 (0-1) 2 10 0 (0-1) Shrimp/Prawn 1 4.5 0 (0-1) 2 14 0 (0-1) 2 4.5 0 (0-2) 5 14 0 (0-4) Shrimp 0 0 0 (0-0) 2 13 0 (0-2) 1 13 0 (0-1) 3 17 0 (0-2) China Tilapia 2 16 0 (0-1) 5 32 0 (0-1) 2 8.0 0 (0-2) 9 44 0 (0-3) Shrimp 2 6.7 0 (0-1) 8 63 1 (0-2) 4 13 0 (0-3) 14 63 1 (0-4) Thailand Tilapia 2 9.7 0 (0-1) 3 26 0 (0-1) 0 0 0 (0-0) 5 29 0 (0-2) Shrimp 2 2.9 0 (0-2) 6 59 1 (0-3) 4 24 0 (0-2) 11 79 1 (0-3) Vietnam Pangasius 17 100 3 (1-6) 6 78 2 (0-3) 3 44 0 (0-2) 26 100 6 (1-9) Shrimp 1 2.9 0 (0-1) 5 59 among Pangasius farmers (78% of farms), which were applied regularly to the pond water to control bacterial proliferations, followed by shrimp farmers of China (63%), Thailand (59%) and Vietnam (59%) ( Fig. 2 ; Table 2 ). The majority of the disinfectant applications done by these shrimp farmers were done for disease prevention, being applied directly to water during the culture cycle (65%) or prior to stocking (14%), and only 11% of the reported disinfectant applications were done to treat disease outbreaks. Overall, the most commonly used disinfectants were single doses of iodine solutions (iodophors such as povidone-iodine), chlorine and chlorine-releasing compounds (benzalkonium chloride, calcium hypochlorite), and potassium permanganate ( Fig. 3) , with intervals between applications ranging from seven days to months.
Parasiticides
A total number of 13 compounds were found to be used to treat (external and internal) parasite and fungal infections in the cultured species, and to kill unwanted organisms in the culture ponds. There were marked differences in compounds used and application purposes among countries and species. The highest frequency of application was found for the Pangasius farms (44% of the farms applied parasiticides) ( Fig. 2 ; Table 2 ). Treatments with copper sulfate (25%) applied directly to the pond water and in-feed medications of praziquantel (25%) were the most common parasiticide treatments, followed by in-feed applications of ivermectin (6.3%) ( Fig. 3) . About one fourth of the surveyed shrimp farmers of Thailand used the insecticides trichlorfon and/or dichlorvos (21%), or copper sulfate (6%), for killing unwanted organisms entering the ponds with the in-flow water during pond preparation prior to stocking. In-feed medications with avermectins and/or water treatments with fungicides (mebendazole and zinc sulfate) were reported to be applied in 13% of the surveyed shrimp farms in China, and the fungicide methylene blue was used in 13% of the shrimp farms in Bangladesh (Fig. 3) .
Feed additives and plant extracts
Feed additives and plant extracts, directly applied to the water or mixed with feeds, were predominantly used in Chinese shrimp farms (50% of farms), Vietnamese Pangasius farms (41%), Chinese tilapia farms (32%) (Fig. 2) . Of the feed additives used in Chinese shrimp farms, the most common ones were vitamin premixes (38%), amino acids (24%), medicinal herbs and root extracts with antibacterial properties such as Artemisia annua, Rheum rhabarbarum, Radix curcumae and Radix isatidis (22%), as well as polysaccharides (11%). Pangasius farmers used predominantly herb extracts (61%) (e.g. Combretum dasystachyum Kurz) for pond water disinfection and feed supplements such as vitamin premixes (28%), amino acids (11%), and polysaccharides (11%). Chinese tilapia farmers only reported the use of medicinal herbs (54%) for disease treatment and mineral premixes (46%) as feed additives.
Probiotics
The use of probiotics was found to be highest in Vietnamese shrimp farms (91%), followed by the tilapia (74%) and shrimp (74%) farms in Thailand, Vietnamese Pangasius farms (38%), shrimp farms in China (27%), concurrent shrimp-prawn farms in Bangladesh (9%) and Chinese tilapia farms (8%) (Fig. 2) . Probiotics were not reported to be used in the surveyed prawn and shrimp farms in Bangladesh. The probiotic products applied included a broad variety of formulations such as photosynthetic bacteria (e.g. Rhodopseudomonas spp.), microorganisms for nutritional and enzymatic contribution to digestion (e.g. Bacillus spp. and yeasts), and bacteria for improving water quality (e.g. Nitrosomonas spp., Nitrobacter spp.). The main bacterial genera were normally listed on the labels, but the specific species and their concentration in the products were most often not declared. Of the interviewed farmers, 84% reported to apply the probiotic products directly to water in order to improve the water quality and to reduce stress in the cultured species; whereas the other 16% reported to apply probiotics mixed with feeds as a nutritional supplement to improve food digestibility and the health conditions of the cultured species.
Chemicals sold in farm supply shops
The percentage of the surveyed farm supply shops in which the different compound groups were available are shown in Table 3 , and the availability of the different antibiotics, disinfectants or parasiticides in Fig. 3 . Chemical compounds available in the supply shops that were not reported by the interviewed farmers ranged between 1 and 9 compounds per farm group (Table 3) .
Comparison of reported and recommended chemical application dosages
The comparison between reported and recommended chemical application dosages for antibiotics, disinfectants and parasiticides is shown in Fig. 4 as ratios between reported and maximum recommended dosages. The majority (77%) of the reported single application dosages fell below the maximum recommended application dosages (ratios below 1). Cases in which the reported dose exceeded the recommended dose by a factor of three or more (ratios above 3) were only reported in the shrimp farms in China (n = 1), Thailand (n = 6) and Vietnam (n = 7), and on a single Pangasius farm in Vietnam (n = 1), accounting for 11% of the all the evaluated cases. These cases mainly corresponded to applications of chlorine or chlorine releasing compounds (80% of the cases) for disinfection during pond preparation.
Chemical mass inputs
The estimated amounts of each chemical class per average tonne of harvested produce are shown in Fig. 5, and . Calculated mass of each chemical and biological product group relative to production (a), in grams per tonne of harvested produce, and relative contribution of the applied mass of chemical or biological product category to the total applied mass (b). The mass of antibiotics, disinfectants and parasiticides is expressed in grams of active ingredient. The mass of feed additives and plant extracts, and probiotics is expressed in grams of formulated product. The background data on the calculated mass of each chemical and biological product group relative to production is provided as Supplemental Material (Table S4 ).
(the amounts per active ingredient) for antibiotics, disinfectants, and parasiticides in Table S5 . The highest mean amount of chemical inputs per tonne of harvested produce was calculated for the Chinese shrimp farms (18.8 kg tonne −1 harvested produce), followed by the Thai shrimp farms (18.2 kg tonne −1 ), the Vietnamese shrimp farms (16.0 kg tonne −1 ), and the Thai tilapia farms (13.5 kg tonne −1 ) ( Table S4 ). The total chemical inputs was dominated by probiotics in Thai shrimp and tilapia production (77 and 94%, respectively), and by probiotics, and feed additives and plant extracts, in the case of shrimp farms in China (50 and 46%, respectively) and Vietnam (35% for both compound categories). The largest amounts of veterinary compounds and biocides applied per tonne of harvested produce were calculated for the Vietnamese shrimp farms (4.8 kg tonne −1 harvested produce), followed by the Thai shrimp farms (4.1 kg tonne −1 harvested produce). In both cases this amount was dominated by disinfectants. Parasiticides contributed the most to the total applied mass in the Bangladeshi prawn farms (43%), followed by the Bangladeshi shrimp farms, and the Vietnamese Pangasius farms (5.6% for both). The marked difference observed in the Bangladeshi prawn farms, in respect to the other farm groups, can be explained by the low harvest yields and the high contribution of rotenone-containing plants and potassium permanganate (Table S5) , which require high dosages for pond preparation and disease treatment in comparison to other (more toxic) parasiticides or biocidal ingredients (Table S2 ). The contribution of the antibiotics to the total chemical mass applied per tonne of harvested produce was markedly higher in the Vietnamese Pangasius farms (21%) in comparison to the other studied farm groups (Fig. 5b) . It was estimated that Vietnamese Pangasius farmers, on average, used 93 g of antibiotics per tonne of harvested fish (Table S4 ). The antibiotics that had the highest contribution to this amount were: sulfamethoxazole, cephalexin, amoxicillin, florfenicol and enrofloxacin (Table S5 ).
In line with this, the antibiotic classes with the highest estimated application amount relative to harvested Pangasius biomass were, in decreasing order, sulfonamides, cephalosporins, penicillins, amphenicols, and quinolones (Table S6) .
Factors related to chemical use
The results of the multivariate analyses showed that the use of chemicals by the different aquaculture farm groups was significantly different, as displayed in Fig. 6 . Antibiotics, probiotics and disinfectants were the most prominent chemical groups. This confirms the relatively high use of antibiotics in the Vietnamese Pangasius farms in comparison to the other farm groups. It also shows a relatively high prevalence of probiotics use in the Vietnamese and Thai shrimp farms, and of disinfectants in the Vietnamese Pangasius farms, followed by the shrimp farms in Vietnam and Thailand.
The characteristics of the surveyed farms are shown in Table 4 . The results from the Monte Carlo tests for each of the studied aquaculture farm groups, and the resulting biplots, are shown in the Supplemental Material (Tables S7 and S8 , and Fig. S1 ). Although the number of chemicals reported to be applied in the surveyed Bangladeshi farms was very low, a trend was observed towards the use of a high number of compounds in the concurrent shrimp-prawn farms that reported the highest survival rates (survival shrimp: p = 0.01; survival prawn: p = 0.04). Also shrimp farms with higher reported stocking densities (p = 0.05) and longer crop durations (p = 0.05) tended to use a greater range of chemical inputs, and a similar trend was observed for larger prawn farms (p = 0.06), and those that reported the highest survival rates (p = 0.09).
In the surveyed Chinese tilapia farms, the frequencies of use of probiotics, feed additives and plant extracts, and parasiticides were marginally significantly higher for larger farms (p = 0.06), compared to smaller ones. For this farm group, higher frequencies were also positively correlated to the level of formal education of the respondents (p = 0.002). Farmers with university degrees were more likely to use them. In Chinese shrimp farms, a significant positive correlation was observed between the use of therapeutants, feed additives and probiotics, and increasing stocking densities (p = 0.04), annual yields (p = 0.02), and shrimp mortalities (p = 0.02). There was also a trend towards greater use of chemicals and biological products in intensive monoculture systems (p = 0.07), compared to polyculture systems. Of all the variance observed in the chemical use dataset, 57% can be explained by the different aquaculture farm groups. Of this explained variance, 50% is displayed on the first axis (x) and 6.1% on the second axis (y). The results of the Monte Carlo permutations indicate that a significant part of the variance on chemical use is explained by the different aquaculture farm groups (p = 0.002).
Table 4
Parameters tested in the multivariate analysis, and characteristics of the respondents and surveyed farms in relation to each of the tested parameters. (24) Khulna (22) Khulna (20) Maoming (25) Zhanjiang (30) Nakhon Phatom (17); Chachoengsao (14) Chantaburi (10); Surat Thani (18); Chachoengsao (6) An Giang (16); Dong Thap (9); Can Tho (5); Ben Tre (1); Tra Vinh (1) Soc Trang (25); Bac Lieu ( Crops per year i 1 1 1.1 (1.0-1.5) 1.4 (1.0-2.4) 2.2 (1.7-3.0) 1.2 (1.0-2.3) 2.6 (1.9-4.0) 1.4 (1.0-1.5) 1.1 (1.0-2.0) Average crop duration (months) i 3.0 (2.5-4.7)
Shrimp 3.2 (3.0-4.0); Prawn 6.9 (4.0-12)
The chemical use data for Thai tilapia farms reflects a tendency towards differences in active ingredients used in different provinces (p = 0.06), and a higher frequency of chemical use by farmers that had received formal training on aquaculture production (p = 0.04). For the surveyed shrimp farms in Thailand, farm scale was found to be significantly correlated with reported chemical use patterns (p = 0.02), indicating that large farms, compared to the medium and small scale farms, tended to use more biocidal compounds as preventive measure for pond preparation (trichlorfon, dichlorvos, copper sulfate). On the contrary, use of probiotics and disinfectants was more commonly reported for medium-scale farms, and use of antibiotics and feed additives was most common in small-scale farms. The certification schemes adopted by shrimp farmers in Thailand had a marginally significant correlation with the compound classes used by them (p = 0.06). This points towards a relationship between the large farms, certified with the Thai Code of Conduct (CoC), and higher use of biocidal compounds.
The variance in the different active ingredients applied by the Pangasius surveyed farms could be significantly explained by the provincial distribution of the farms (p = 0.05), the adoption of the Global GAP certification scheme (p = 0.03), and the stocking density (p = 0.01). However, differences in compound classes used by different Pangasius farmers could only be marginally attributed to location (province) (p = 0.08) and the respondent's education level in aquaculture (p = 0.09). The latter indicating a link between no, or little, formal aquaculture training among farmers in the An Giang province, and high frequency of use of antibiotic compounds. None of the studied parameters resulted in significant effects on the chemical use reported by the shrimp famers in Vietnam, with only a marginal trend (p = 0.07) observed towards the highest use of disinfectants in the Soc Trang province, and the highest reported frequency of use of probiotics and feed additives in the Bac Lieu province.
Discussion
Chemical use in the surveyed farm groups
Sixty different veterinary medicinal ingredients were recorded including 26 antibiotics, 19 disinfectants and 15 parasticides. Based on the farm groups studied, semi-intensive and intensive shrimp production in China, Thailand and Vietnam were found to rely most heavily on chemical and biological product inputs per tonne of harvested produce, in comparison to the extensive shrimp and prawn systems of Bangladesh (Fig. 5a ). Thus, a positive correlation was found between the estimated total amount of chemicals and biological products used by shrimp/prawn aquaculture farmers, and their production intensity. For shrimp farmers in Thailand, Vietnam and China, our results revealed relatively low frequencies of antibiotic use, while displaying more frequent use of disinfectant treatments (Table 2 ). This contrasts with the outcomes of similar surveys conducted during the last decade in shrimp farms in Thailand (Holmström et al., 2003) and Vietnam (Le and Munekage, 2004; Tu et al., 2006) . Several factors that could explain these differences, and the apparent decline in the use of preventive and therapeutic antibiotic treatments in shrimp production, include: i) the replacement of the black tiger shrimp (P. monodon), in Thailand and China, and nowadays starting to take place in Vietnam, by the white leg shrimp (L. vannamei), a species with higher growth rates and less vulnerable to specific diseases (Lebel et al., 2010) ; ii) the use of specific pathogen free (SPF) larvae; iii) the introduction of several biosecurity measures including the reduction in the occurrence of pathogens, parasites and predators by the regular use of several antibacterial agents and biocides for water (pre-)treatment and disinfection of the equipment and production systems; iv) the use of a wide range of prebiotic and probiotic formulations for improving the water quality and the health status of the cultured animals; v) the development of microbial resistance to several antibiotics; vi) the pressure by national and international organizations to reduce their use due to food safety reasons and potential market restrictions. In line with these results, notifications from the EU Rapid Alert System for Food and Feed (RASFF) on food safety standard violations from antibiotic residues on shrimp products from these three countries have seen a considerable reduction in the last five years (Murray et al., 2012) .
Amongst the fish producing farm groups, tilapia farmers from Thailand reported the largest amount of chemical inputs relative to production (mainly consisting of probiotics), followed by tilapia farmers in China, and Pangasius farmers of Vietnam (Fig. 5a ). The highest prevalence of veterinary compounds use was observed in Vietnamese Pangasius farms (Table 2, Fig. 5b ). For this farm group, a total number of 32 different ingredients were recorded, including those reported by farmers and those available in the farm supply shops, with farmers reporting an average use of 6 different veterinary compounds. The percentage of antibiotic use, as well as the most commonly recorded active ingredients, are in accordance with the results of the survey performed by Phuong (2010) during 2008, suggesting that the antibiotic use has been stable during the last few years. Antibiotics applied to Pangasius are mainly used for treatment of bacillary necrosis and the red spot disease, which are reported to be caused by Edwardsiella ictaluri and Aeromonas spp., respectively. The regular application of antibiotics and the use of doses below the therapeutic effective dose has resulted on the development of bacterial resistance and a consequent loss on the efficacy of some antibiotics (Bartie et al., 2012; Dung et al., 2008 Dung et al., , 2009 ). The prevalence of antibiotic resistant bacteria in Pangasius fish ponds and the potential horizontal gene transfer from fish pathogens and other aquatic bacteria to humans requires further attention by local authorities. Nowadays, there are a total of 28 antibiotic ingredients authorized for use in aquaculture in Vietnam (Tai, 2012) , and this list must be revised with especial attention to their resistance potential, excluding antibiotics that are also used in human medicine (e.g. penicillins, cephalosporins or rifampicin). The use of biosecurity measures to prevent bacterial diseases becomes almost impossible in Pangasius ponds due to the high fish densities and the required high water exchange rates (Phan et al., 2009) . Thus, the main alternative to extensive antibiotic use is the introduction of vaccines, as already done in the European salmon industry (Gudding, 2012) . Research is currently dedicated to the development and testing of vaccines against Edwardsiella ictaluri, showing promissory results (Dung, 2011; Thinh et al., 2009 ).
The dataset generated through the interviews conducted in the farm supply shops was found to correspond reasonably well with the dataset generated in the farm interviews. Compound-specific discrepancies were not further investigated, as they could simply be related to the fact that farmers purchased their products in different shops or through feed retailers. The comparison between recommended dosages and those reported by the farmers demonstrates that there is no evidence to affirm that the surveyed aquaculture farmers overdose their cultured animals, but rather the opposite. In our study, exceeded recommended dosages were mainly attributed to chlorine and chlorine releasing compounds applied for pond disinfection prior to stocking in shrimp farms, and this could be explained by the different effectiveness of these compounds in presence of organic matter and the corresponding variable application dosages (Arthur et al., 2000) .
Chemicals banned under national regulations in Bangladesh (BDOF, 2011), China (CMA, 2002) , Thailand (Tukwinas, 2002) and Vietnam (VMARD, 2009), and major seafood importing countries, such as EU countries, United States, Canada and Japan (see Love et al., 2011) (such as chloramphenicol, nitrofurans, etc.), were generally not reported to be applied by the interviewed farmers, neither were they found to be available in the interviewed farm supply shops. The exception was the parasiticide/fungicide malachite green, which was reported to be applied in only one out of the 66 surveyed farms in Bangladesh, and is currently internationally banned for use in aquaculture due to its attributed carcinogenic properties (Srivastava et al., 2004) .
Fluoroquinolone antibiotics, which have been recently banned for application in aquaculture in the US and Canada, were reported to be applied in China, Thailand, and Vietnam, with a markedly higher frequency of application in the Vietnamese Pangasius farms (especially enrofloxacin). The high rate of associated veterinary drug violations of Vietnamese aquaculture products, particularly for catfish, in US, Japan and Canada (Love et al., 2011) has forced the Vietnamese government to ban the use of enrofloxacin and ciprofloxacin for use in aquaculture (VMARD, 2012) . Hence, it is expected that their use will have recently diminished.
Comparison with other food producing commodities
The interviewed Pangasius farmers were found to use a wider range of antibiotic ingredients than salmon farmers in European countries, Chile and Canada (Table 5 ). However, the amount of antibiotics used per tonne of harvested Pangasius produce in Vietnam (93 g) did not exceed the most recent estimate for antibiotics used in Canadian salmon production, and is considerably lower than the most recently reported values for salmon production in Chile (Table 5 ). Estimated amounts of antibiotic used in the other farm groups investigated in the current study are well below the values reported for Pangasius production in Vietnam (Table S4) , and are in the range of the most recently reported values for salmon production in Norway and United Kingdom (after the displacement of antibiotic treatments by vaccines). On the other hand, a study by Grave et al. (2010) showed that estimated amounts of antibacterial agents used in poultry and livestock production in European countries varies from 18 to 188 g a.i. tonne −1 of produced biomass. This suggests that the use of antibiotics in Pangasius production, and in all other presently studied aquaculture farm groups, fall short of the reported amounts for other important food-producing species. In comparison to the chemical use in salmon production, the surveyed aquaculture farmers, however, rely upon larger amounts of other antimicrobial agents for disinfecting ponds, water and equipment, and chemicals with biocidal properties, most commonly used for killing unwanted organisms entering the ponds with the in-flow water. The quantity of chemicals used to kill external parasites, worms, and fungal infestations (excluding other biocides) in our studied farm groups (Table S4 ), falls short, or is in the range of, the quantities used in salmon aquaculture (Table 5) . A few exceptions, however, are concurrent shrimp-prawn farms and the shrimp farms in Bangladesh, and Pangasius farms in Vietnam. For these farm groups, the estimated amounts were one order of magnitude greater due to the application of fungicides, which require higher dosages in comparison to the antihelmintics and insecticides reportedly used in the other farm groups, and the parasiticide compounds traditionally used to control sea-lice infestations in salmon production (e.g. emamectin benzoate, deltamethrin, cypermethrin, hydrogen peroxide) (Bravo, 2012; Burridge et al., 2010) .
Factors influencing chemical use patterns
The analysis of determinants on chemical use patterns indicated that the observed variability within the studied aquaculture farm groups cannot be explained by the same factor or group of factors (Table S7 , S8). The farm characteristics influencing chemical use patterns were found to correspond with the culture intensity. For instance, the analysis showed a trend towards higher reported survival rates in the concurrent shrimp-prawn farms, and prawn farms that used them. This suggests that the introduction of chemical and biological treatments in these extensive systems, mainly as a preventive measure, could have contributed to increased survival (Fig. S1 ). On the other hand, the Chinese shrimp farms with intensive monoculture practices showed a tendency towards a greater reliance on disinfectants, antibiotics and probiotics (Fig. S1 ). This trend was negatively correlated to the survival rates ( Fig. S1 ), suggesting that these farms might have reached a maximum in terms of stocking and production intensity, which could be related to the need to use antimicrobial and probiotic treatments in order to control disease outbreaks. Chemical use patterns in Thai shrimp farms, however, showed a clear correlation between the chemical groups used and the size of the farms (Table S7 ). Thus indicating that larger farmers with better investment possibilities, and well established aquaculture management practices, tend to use greater amounts of biocidal products during pond preparation as a preventive biosecurity measure instead of antibiotic or expensive probiotic treatments. In comparison to the Chinese shrimp farmers, Thai farmers generally held lower stocking densities (Table 4 ) and also used less chemicals for disease treatment. Interestingly, the province in which a farm was located was the only factor that showed a clear correlation with the type of active ingredient(s) used in all the farm groups evaluated (Table S8 ). This suggests that regional chemical marketing strategies as well as the recommendations by fellow farmers are key drivers explaining variability in chemical use practices. On the other hand, the results of this study show that the application of certification schemes in the surveyed tilapia and Pangasius farms does not imply a reduction on the use of antibiotic or other environmentally hazardous compounds in comparison to non-certified farms (Table S7) . Conversely, large-scale shrimp farmers of Thailand that obtained the Thai Code of Conduct certification showed a trend towards more frequent use of biocidal compounds during pond Table 5 Quantities of chemicals used in Atlantic salmon aquaculture (g a.i. tonne −1 harvested fish). preparation (i.e., biosecurity) than non-certified small-and mediumscale farmers (Table S7 , Fig. S1 ).
Study limitations and recommendations
Given the limited number of interviewed farmers within each farm group, generalizations (e.g. to a species-country level) should carefully take into account the characteristics and type of production systems included in each of the studied farm groups. Moreover, further studies should also focus on chemical application patterns in hatcheries, nurseries and broodstock production, in order to get a comprehensive overview of the amounts of chemicals applied throughout the entire life cycle of aquaculture products. The majority of the grow-out farmers visited in the present study were producing for international markets, with the exception of some tilapia farms in Thailand. Future research should therefore look at different market segments, as export oriented products of Asian countries may often need to comply to more strict regulations than those aimed for domestic markets. Another challenge faced with some of the interviewed farm groups, was polyculture of more than one aquatic species, making it difficult to distinguish the main target species for which the chemical treatment was used for. In such cases, we assumed that significant investments would only be made for the primary (most valuable) species. Given this, and a number of other assumptions made during the calculation of the chemical application volumes, the final calculated values must be considered as estimations, and the variability observed in the results should be taken into account when using the calculated values for follow-up studies. Moreover, future studies investigating factors related to chemical use patterns should also preferably consider variability in disease occurrence and diagnostic capacity, in relation to therapeutic treatments, as important potential drivers for chemical use. The chemical inventories generated in the farm supply shops were found to be a useful source of information to get a broader picture on the status on chemical use, identify substances that are being introduced in the market, and for confirming the active ingredients commonly used by farmers. We therefore recommend such an approach for further surveys aimed at identifying chemical ingredients and evaluating chemical use dosages by aquaculture farmers in Asia.
